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VOLTAGE BREAKDOWN IN A LOW-TEMPERATURE CESIUM-VAPOR DIODE 


by Gale R. Sundberg  and R icha rd  G. Seashol tz 


Lewis Research Center  


SUMMARY 


Breakdown voltages were  determined experimentally fo r  a cesium-vapor diode with 
electrode temperatures of 350' to 900' C. The pressure-spacing product pd ranged 
from to 1 torr-centimeter.  The breakdown voltage fo r  this cesium-filled tube fol
lows Paschen's Law for  cathode temperatures in the range of 500' to 800' C and pd 
values grea te r  than the pd minimum of about 1 . 5 ~ 1 0 - ~torr-centimeter.  For cathode 
temperatures below 450' C, the breakdown voltage was relatively independent of spacing 
and was approximately proportional to cesium pressure.  The breakdown voltage exhibi
ted a s t rong dependence on cathode temperature  but only a weak dependence on anode 
temperature.  Breakdown voltages in excess of 100 volts were  obtainable only for  cathode 
temperatures less than 425' C and with relatively high cesium vapor pressures  (approx 
1 tor r ) .  

For cathode temperatures less than 500' C,  the discharge after breakdown resem
bled a glow discharge, with the sustaining voltage nearly equal to the breakdown voltage 
and with currents  in the mill iampere range. F o r  higher cathode temperatures (Z6OO0 C),  
breakdown occurred a t  a voltage on the o rde r  of the ionization potential of cesium 
(3.89 eV), and the resulting discharge had currents  in the ampere  range with sustaining 
voltages less than the ionization potential of cesium. Current-voltage curves,  together 
with visual observations, are shown to character ize  the prebreakdown behavior and mode 
of discharge fo r  the range of variables tested. 

The results indicated that the best combination of inverse character is t ics  coupled 
with desirable forward dr ive  properties for high- temperature power conversion devices 
occurs at the higher cesium pressures .  

INTRODUCTION 

Long-term space  missions using nuclear power sources  and thermionic energy con- -



ver t e r s  will require  lightweight, efficient power conditioning sys tems (refs. 1 and 2). 
Locating the power conditioning system near  the power source  and within the region of 
high temperature and nuclear radiation would reduce weight and electrical  conduction 
losses .  Gas- and vapor-filled discharge tubes inherently have a low susceptibility to 
radiation damage. This  property leads to a study of their  temperature  characterist ics 
fo r  u s e  as rectifiers and thyratrons in high-temperature power conditioning systems. 
Electrode temperatures  and vapor p re s su res  that yield high peak inverse voltages without 
sacrificing desirable  forward capabilities must be determined. These capabilities, low 
voltage drop and high cur ren t  density, are characterist ic of alkali vapor tubes. 

Since cesium has the lowest ionization potential (VI = 3 . 8 9  V) of any element, it 
should be  considered fo r  u s e  in high-temperature discharge devices. The low ionization 
potential of cesium coupled with its la rge  c ros s  section for  ionization and its ability to 
lower the work function of electrode mater ia ls  are most desirable for  high-current, low
voltage-drop operation. However, these properties of cesium present difficulities for  
obtaining desirable high inverse voltages. They also lower the breakdown potential in the 
r eve r se  direction, thereby reducing the inverse voltage capability of the tube. The pur
pose of this investigation was to determine parameters  fo r  operation of a cesium-vapor 
diode which relate inverse characterist ics to desirable  forward dr ive properties.  

The determination of the breakdown potential ac ross  a gap in a gas o r  vapor and the 
dependence of this potential on the product of p re s su re  p and electrode spacing d is 
important in the design of all electrical  discharge apparatus. The pd product is propor
tional, in a sense,  to the number of collisions that an electron undergoes with cesium 
atoms as it t r ave r ses  the gap in the field direction. This fact  is evident when one con
s ide r s  that the vapor p re s su re  p is approximately inversely proportional to the average 
electron mean free path Xe, o r  pd a d/he. 

Electrical breakdown in gases  has been studied in considerable detail (refs. 3 and 4) .  
Until recently, however, there  has been only limited investigation of the breakdown in 
easily ionized vapors of the alkali metals such as cesium. Because of current  interest  in 
thermionic energy converters and in electrostatic thrusters ,  some  cesium breakdown 
measurements have been reported (refs. 5 to 8). 

Lebedev and Gus'kov (refs. 5 and 6) investigated breakdown voltages as a function of 
cathode temperature and cesium pressure.  The discharge path is directed through a gap 
in a glass  insulator interposed between two electrodes. Shimada and Luebbers (ref. 7) 
discuss discharge phenomena and anamalous electron currents  at pd values below the 
pd minimum. A few breakdown voltages are given in connection with the determination 
of parameters  for  switching between the unignited and ignited modes of discharge. In a 
study of the behavior of the potential and plasma density in the development of the low-
voltage a r c  in cesium vapor, Gus'kov et al. (ref. 8) present  several  curves of breakdown 
voltages and currents  as functions of pd and electrode temperatures above 500' C. 
However, they present no data  for  lower electrode temperatures,  nor do they attempt to 
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correlate  inverse with forward properties. The design and operating characterist ics of 
a cesium-vapor thyratron are described by Coolidge (ref. 9). 

EX PER IMENTAL A PPARATUS 

The diode used in this  experiment was constructed with ceramic-metal  sea ls  in de
mountable tube sections. Two sapphire windows were  provided to permit  measurement 
of the interelectrode spacing with a cathetometer and to allow for  direct  visual observa
tion of the discharges. Spacings were  measurable to *O. 02 millimeter. A c ross  section 
of the diode is shown in figure 1. 

Both electrodes were  made of molybdenum with identical c ross  sections s imi la r  to 
the modified Rogowski-Bruce profile proposed by Harrison (ref. 10). One electrode was 
attached to the tube envelope through a bellows. Three  adjustment sc rews  spaced 120’ 
apar t  around the tube provided alinement of the electrodes and allowed the spacing to be 
varied while the  diode was in operation. 

The electrodes were  independently heated from the back s ide by radiation from a 
tungsten filament. Electrode temperature w a s  measured by a Chromel-Alumel thermo
couple inserted into the electrode from the filament s ide and penetrating to within 1 .25  
millimeter of the electrode surface.  The filament chambers w e r e  evacuated by means of 
a vac-ion pump. 

The cesium reservoi r  temperature  was maintained to within *loC by an automatic 
air flow controller. A thermocouple attached to the reservoi r  provided the control sig
nal. The reservoir  and its surrounding air chamber were located within the oven that 
enclosed the ent i re  diode assembly. The cesium vapor p re s su re  was calculated from the 
reservoi r  temperature using the equation recommended by Heimel (ref. 11).  

The oven temperature  was automatically controlled from a Chromel-Alumel thermo
couple attached to the center section of the  tube envelope. Al l  other temperature  moni
toring w a s  provided by Chromel-Alumel thermocouples that printed out on a multipoint 
s t r ip- chart  recorder.  

INSTRUMENTATION AND PROCEDURE 

Current-voltage character is t ics  were  obtained by applying a dc voltage ac ross  the 
electrode gap. The voltage was varied slowly through a selected range by means of a 
motor-driven potentiometer. Two power supplies provided voltage and current  to span 
the wide range of conditions investigated. One supply was rated 0 to 1000 volts and 0 to 
200 milliamperes, while the other supplied 0 to 36 volts and 0 to 10 amperes.  Both 
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Figure 1. - Cross section of cesium-vapor diode. 
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supplies had negligible ripple. For  regions of low current ,  the applied voltage was mea
sured directly ac ross  the power supply. However, for  currents  grea te r  than am
pere ,  the applied voltage was  measured ac ross  the Alumel leads of the electrode thermo
couples. This eliminated e r r o r s  due to IR drops in the electrode shanks o r  in the dis
charge circuit. 

In o rde r  to keep impedance low in the discharge circuit ,  current  was measured as 
proportional to the voltage drop ac ross  a precision res i s tor  inserted into the circuit. For 
cur ren ts  less than ampere,  the voltage drop ac ross  a 100-ohm res i s to r  was detected 
by a nanovoltmeter with an output connected to the y-ax is  of the recorder .  F o r  currents  
grea te r  than ampere,  the drop ac ross  a 1-ohm res i s tor  was measured directly on the 
y-axi s of the recorder .  Thus, the current-voltage (I-V) curves were  obtained directly 
with current  displayed as a function of applied voltage. 

The center section of the tube envelope was included in the circuit  to act ,  in effect, 
as a guard ring. This permitted checks of the leakage currents  along the insulators dur
ing tube operation. This leakage current  remained less than 0 . 1  percent of the current  
ac ross  the gap. 

In this report ,  the t e rms  cathode and anode will always refer to the relative voltages 
of the two electrodes regardless  of their  comparative temperatures.  When voltage is ap
plied ac ross  the electrode gap, the anode is positive with respect to both the cathode and 
the diode center section. The cathode is at a small  positive potential (equal to the voltage 
drop ac ross  the current  shunt) above the center section, which s e r v e s  as the circuit  
ground. 

The diode was constructed symmetrically,  and the polarity of the electrodes could be 
interchanged by means of a switch. I t  was confirmed experimentally that the electrical  
character is t ics  w e r e  also symmetrical-with the electrode polarity reversed.  

Standard high-vacuum techniques were  used throughout in the construction and initial 
conditioning of the cesium chamber. The cesium w a s  introduced through copper tubula
tion that w a s  then pinched off. 

RESULTS AND DISCUSSION 

Current-voltage character is t ics  at a pd value of 0.137 torr-cent imeter  and an anode 
temperature  Ta of 350' C are shown in figure 2. The parameter  is cathode temperature,  
which was varied f rom 420' to 900' C. Figure 3 shows current-voltage character is t ics  
fo r  a pd value of 0.013 torr-cent imeter ,  which is near  the pd minimum for  cesium. It  
should be noted that, fo r  the low pd value, the breakdown voltage f o r  all cathode temper
atures does not exceed 5 volts as compared with breakdown voltages up to 100 volts at the 
higher pd. The breakdown voltage is taken to be the point where the current-voltage 
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---- Transi t ion to  h i g h - c u r r e n t  
regime following breakdown 

I , 

.1 .2 . 4  . 6 . 8  1 2 	 4 6 8 1 0  20 40 6080100 200 400600 1000 
Applied voltage, V 

Figure 2. - Effect on cesium diode current-vol tage character ist ics of varying cathode 
temperature. Cesium temperature, 276" C; pressure, 1.09 to r r ;  anode tempera
tu re ,  350" C; electrode spacing, 0.126 centimeter; pressure-spacing product, 
0.137 torr-cent imeter.  
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Figure 3. - Effect of varying cathode temperature on current-vol tage character
ist ics nea r  pressure-spacing product m in imum.  Cesium temperature, 206" C; 
pressure, 0.103 torr ;  anode temperature, 360" C; electrode spacing, 0.130 
centimeter; pressure-spacing product, 0.013. 

curve changes discontinuously as the voltage is increased. Where there  is no disconti
nuity in the I-V curve, the breakdown voltage is taken to be the point of the steepest  rise 
in current with increasing voltage. Figures 2 and 3 i l lust ra te  the I-V behavior of the de
velopment of the discharge,  which is typical qualitatively of all the regions and conditions 
investigated. The behavior of these curves compares with the I-V curves of Lebedev 
(ref. 12)and follows the typical form of hot-cathode discharges in other gases.  

The currents  through the tube at breakdown w e r e  of the o rde r  of mill iamperes,  o r  
less, f o r  all conditions. The discharge currents  after breakdown, however, varied f rom 
milliamperes for  a low-temperature cathode to several  amperes  for  a high-temperature 
cathode. This indicates the existence of two distinct types of discharges differing in cur 
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Figure 4. - Effect of var iat ion in  electrode 
spacing on current-vol tage character
ist ics near pressure-spacing product 
m in imum.  Cesium temperature, 210" C; 
pressure, 0.119 torr ;  anode temperature, 
365" C; cathode temperature, 795" C. 

Applied voltage, V 

Figure 5. - Effect of varying cathode temperature o n  c u r r e n t -
voltage character ist ics for diode w i th  hot anode. Cesium 
temperature, 276" C; anode temperature, 800" C; electrode 
spacing, 0.126 centimeter; pressure-spacing product, 
0.137 torr-cent imeter.  

rent level by a factor of 100. The transition region ,etween the two forms of discharge 
occurs  for  cathode temperatures  around 500' C. 

With the cathode temperature  Tc less than 500' C, the discharge may be character
ized as a glow, which is initiated around the electrodes and spreads  to fill the volume of 
the tube as the voltage is increased. F o r  Tc  grea te r  than 500' C,  an anode glow w a s  ob
served very near the anode just  p r ior  to breakdown. After breakdown, the more stable 
and higher current discharges,  the ball-of-fire o r  the low-voltage a r c ,  were obtained. 
Figure 2 has notations of the visual characterist ics of the cesium hot-cathode discharge 
as they relate to various portions of the I-V curves. A comprehensive explanation of the 
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Figure 6. - Comparison of current-vol tage 
curves for two anode temperatures and 
fixed cathode temperature. Cathode 
temperature, 470" C; cesium tempera
ture,  276" C; pressure, 1.09 torr ;  elec
trode spacing, 0.126 centimeter; 
pressure-spacing product, 0.137 t o r r 
centimeter. 
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Figure 7. - Dependence of breakdown voltage on anode 
temperature for selected cathode temperatures and 
pressure-spacing product values. 

modes of the hot-cathode discharge is given by Martin (ref. 13). 
The I-V curves in figure 4 show the resul t  of a variation in the spacing near  the pd 

minimum. The shape of the curves is virtually unchanged, but the relative magnitudes of 
the currents  and voltages are decreased as the spacing is increased. The I-V character
i s t ics  of the diode operated wi th  an 800' C anode and low-cathode temperatures  are shown 
in figure 5. A change in the anode temperature  alters the I-V character is t ics ,  as shown 
by the two curves in figure 6. Note that the voltage at breakdown decreases  and the cur
rent increases  fo r  an elevated anode temperature.  Figure 7 shows the typical dependence 
of breakdown voltage on anode temperature.  The  breakdown voltage, in general ,  de
c reases  about 20 percent as the anode temperature  is raised from 400' to 800' C. 

Cathode and anode temperatures  were  monitored closely both before and af ter  an I-V 
run to observe any variations caused by the discharge. At the higher current  levels (the 
o rde r  of amperes) ,  some anode heating and cathode cooling of 1' to 5' C was detected. 
Neither has  an appreciable effect on the breakdown results.  Cathode heating was observed 
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Figure 9. - Breakdown voltage as func t i on  of cathode 
temperature for low-temperature anode and effect 
of variation in spacing shown. Cesium temperature, 
276" C; anode temperature, 365" C. 
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under conditions yielding high breakdown voltages of 100 volts o r  more.  Posit ive ions 
from the plasma bombarding the cathode are a likely cause of this effect. Cathode heating 
tends to lower the observed breakdown voltage. 

The breakdown voltage as a function of cathode temperature variation is plotted in 
figures 8 to 10. A comparison of figures 8 and 9 shows that the shape of the breakdown 
curves does not depend strongly on spacing o r  anode temperature.  The magnitude, how
ever ,  is proportional to spacing and inversely proportional to anode temperature ,  as pre
viously mentioned. Two additional observations should be noted: (1)spacing had little or  
no effect on the breakdown for  a cathode temperature  Tc less than 450' C ,  and (2) a 
definite change in slope occurs  at about Tc = 500' C. This change in slope corresponds 
to changes in the shape of the I-V curves and the visual discharge characterist ics.  The 
breakdown voltages observed are in agreement with the maximum inverse voltage curves 
presented by Coolidge (ref. 14) fo r  s imi l a r  conditions. 

The variation of breakdown potential with cathode temperature  is shown in figure 10 
for two values of cesium vapor p re s su re  (Pcs = 0.107 and 1.09  t o r r ) .  Note that at the 
lower cathode temperatures the breakdown potential is much greater  fo r  the higher cesium 
pressure.  However, a t  the higher cathode temperature  (Tc 2 800' C) ,  the breakdown 
voltage is less for  the higher cesium pressure .  This indicates that relatively high cesium 

*O0 r 
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3M) 400 500 600 700 800 900 1000 

Cathode temperature, T,, "C  

Figure 10. - Breakdown voltage as func t i on  of cathode temperature showing 
effect of var iat ion in cesium pressure. Anode temperature, "365' C; 
electrode spacing, 0.125 cent imeter.  
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vapor p re s su res  (approx 1 torr) would yield both a higher inverse voltage and a lower 
forward breakdown voltage, which can be correlated to a lower forward voltage drop 
(cf. 	fig. 2). 

The data  f rom the curves in figures 8 to 10 are displayed in an alternate form by 
plotting the breakdown voltage as a function of pd in figure 11. These curves show the 
right a r m  of the Paschen curve that extends from a characterist ic minimum to increasing 
values of pd. The pd minimum for  cesium occurs  at about 1 . 5 ~ 1 0 - ~torr-centimeter 
f o r  Tc of 500' C. This is lower than the value of 5 ~ 1 0 - ~torr-centimeter mentioned by 

Cathode 
temperature, 

2 - 12 11 J I ~ J J J I l . ~ ~ J  
10-2 4 6 8 10-1 2 4 6 8 10' 

Pressure-spacing product, pd, t o r r - c m  

Figure 11. - Breakdown voltage as func t i on  of pressure-spacing product at 
var ious cathode temperatures. Anode temperature, 365" C. 

Lebedev (ref. 5). There is some indication by the flattening of the curves that the break
down voltage at the pd minimum decreases  and the pd minimum shifts to higher pd 
values as the cathode temperature increases.  Gus'kov (ref. 8) notes this effect, also. 
The region below the pd minimum could not be investigated with this diode. (Below the 
pd minimum, long-path breakdown effects were observed with the discharge path extend
ing between the shanks of the two electrodes or  from electrode to  envelope rather than 
across  the gap between the electrodes. ) 

The behavior of the breakdown voltage VB as a function of pd is quite consistent 
f o r  cathode temperatures grea te r  than 500' C (i.e. , Paschen's Law is followed). Below 
about 450' Cyhowever, the values of VB become scattered. This corresponds to the 
earlier observation concerning figures 8 and 9, that spacing had little o r  no effect for 
T 5 450' C and that the ent i re  mode of the discharge had changed.
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Figures  12(a) and (b) show the curves of breakdown as a function of pd for  two 
cathode temperatures ,  365' and 495' C. In figure 12(a),  f o r  Tc = 365' C ,  spacing has  no 
effect. A change in spacing at constant p produces a constant VB. However, with d 
constant and p varied, VB does change and exhibits the normal dependence on pressure .  
Figure 12(b)shows the behavior of VB fo r  Tc = 495' C,  where Paschen's Law is more  
closely followed. All the points f rom figure 12(a) were  replotted in figure 13 as a function 
of p re s su re  only. Since the spacing var ies  f rom 0.05 to 0.21 centimeter,  this f igure 
shows that the breakdown voltage in this diode is dependent only on the p re s su re  fo r  this 
low cathode temperature.  
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Figure 13. - Breakdown voltage as func t i on  of cesium pressure at low 
cathode temperature. Cathode temperature, 365" C ;  anode temper
ature.  495" C. 

CONCLUDING REMARKS 

The resul ts  of the study indicated that cesium-filled devices for  power conditioning 
applications (rectifiers,  thyratrons, etc. ) could be developed for  u s e  in environments with 
ambient temperatures up to about 400' C. For maximum inverse voltage capability, the 
cesium vapor p re s su re  should b e  relatively high (approx 1tor r ) .  This cesium p res su re  
also permits  high current  densities (23 A/cm 2) with cathode temperatures 2800° C. 

The data presented herein may be used as a guide in determining the maximum hold-
off voltages in high- temperature  rectifiers and thyratrons by assuming that the tempera
ture of the electrode with positive polarity has only a slight effect on the breakdown volt
age. (Herein it was shown that the breakdown voltage generally was lowered by about 
5 percent pe r  100' C increase in the temperature of the anode. ) It should be noted that 
different electrode mater ia ls  (molybdenum was used here)  and geometries may change 
the values of the breakdown voltages f rom those given in this report .  

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 10, 1970, 
120-27. 
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